[1] Analysis of broadband seismograms from the 15 July 2003 large earthquake (M 7.6) in the central Indian Ocean reveals an unusual source process. The source duration of longer than a minute is more than twice as long as expected from earthquake scaling relations, yet $80% of the moment release occurred in two energetic asperities near the end of the rupture. These two asperities were located in lithosphere with an age of 7 Ma or greater. A previous study has suggested that strike-slip earthquakes in oceanic lithosphere having much longer than expected source durations also have a slow, dissipative rupture process characterized by low radiated seismic energy (and therefore low apparent stress). We find no evidence for a slow rupture process to the 2003 earthquake. Instead, the long duration appears to be due only to nucleation close to the actively spreading Carlsberg Ridge, in lithosphere younger than 7 Ma. Younger oceanic lithosphere may be able to generate small to moderate earthquakes but be unable to sustain slip in a large event due to steady release of strain in aseismic creep events. Large strike-slip earthquakes within oceanic lithosphere may occur only in the central portions of long transform faults or in intraplate regions, rupturing energetic asperities like those that failed in the mid-Indian Ocean earthquake and leading to the observation that oceanic strike-slip earthquakes have the largest apparent stresses among the global population of shallow earthquakes.
1. Introduction
Rupture Properties of Oceanic Earthquakes
[2] For several reasons, the seismic properties of oceanic lithosphere are poorly understood. Many large earthquakes within oceanic lithosphere occur close to active spreading ridges where the width of the seismogenic zone is likely narrower than in continental settings. Therefore very long ruptures are often required to produce a large earthquake. Recent estimates of seismic coupling for oceanic transform faults [Boettcher and Jordan, 2004; indicate that as much as three fourths of the accumulated moment may be released aseismically. In addition, most such earthquakes occur far from land and local or regional recording of these events is not usually possible. Thus accurate determination of their rupture characteristics is often a difficult challenge.
[3] These issues have most likely contributed to the conflicting published results concerning oceanic strike-slip earthquakes. For example some researchers have suggested that many of these events have unusually slow rupture components on the order of tens to hundreds of seconds [Ihmlé and Jordan, 1994; McGuire et al., 1996] , while others have challenged these results [Abercrombie and Ekström, 2001, 2003] . It has been suggested that oceanic transform fault earthquakes sometimes simultaneously rupture subparallel or conjugate faults separated by tens of kilometers [McGuire et al., 1996 [McGuire et al., , 2002 Robinson et al., 2001] , but other studies have disputed this observation . Many oceanic strike-slip earthquakes have also been reported as being deficient in high-frequency seismic radiation [Beroza and Jordan, 1990; Stein and Pelayo, 1991; Ihmlé and Jordan, 1994] or having a high apparent stress [Choy and Boatwright, 1995; Choy and McGarr, 2002] . Pérez-Campos et al. [2003] attempted to explain this apparent paradox by identifying a subset of earthquakes on oceanic transform faults that have anomalously longer durations than expected for their seismic moments, while at the same time exhibiting apparent stresses about an order of magnitude smaller than expected. They argued that these anomalous earthquakes may not be considered in the determination of apparent stress because of their low radiated energy in the period range for which teleseismic body waves are well recorded ($1 -100 s), and that including them reduces the overall average apparent stress for oceanic transform fault earthquakes. Pérez-Campos et al. [2003] suggested that these anomalous earthquakes have a rupture process characterized by either slow slip or slow rupture velocity, or both.
[4] The large earthquake of 15 July 2003 (M w 7.6), which occurred adjacent to the Carlsberg Ridge in the central Indian Ocean, provides an opportunity to address some of these issues. The earthquake probably resulted from deformation occurring in a diffuse boundary zone that divides the Indian and Australian (or Capricorn) plates [DeMets et al., 1994; . It ruptured a fossil fracture zone (designated as H by ) in very young oceanic lithosphere, but the sense of slip was opposite to that which occurs along the active right-stepping transform faults that offset the Carlsberg Ridge (Figure 1) . determined that motion between India and Australia was primarily restricted to the fracture zones south of 7°S, but the occurrence of the 2003 earthquake indicates that the diffuse plate boundary extends several degrees farther north than previously believed. The epicenter of the earthquake is located within 25 km of the active spreading ridge (spreading rate of $36 mm/yr [Drolia et al., 2000] ), and therefore indicates that the transition from a stress regime promoting left-lateral failure of the transform to one promoting right-lateral slip occurs quite close to the ridge axis.
[5] One objective of this study is to examine the longperiod radiation from the mid-Indian Ocean earthquake in order to search for a possible episode of slow rupture. Although the spatial and temporal distribution of moment release suggests that the mid-Indian Ocean earthquake belongs in the anomalous class of events identified by Pérez-Campos et al. [2003] , the long-period surface wave spectra show no clear evidence of enhancement and the radiated energy is only slightly smaller than the global average for shallow earthquakes [Choy and McGarr, 2002] . The source duration of the earthquake is more than twice as long as expected from common scaling relations, but we conclude that the long duration is the result of Table 1 . The green diamond shows the main shock hypocenter location, with the corresponding focal mechanism (Harvard CMT) plotted at the centroid location. Yellow ellipses are 2s confidence ellipses for the aftershock locations. The thick white line marks the inferred rupture length of the main shock based on our rupture model shown in Figure 4 . The gravity data are taken from Sandwell and Smith [1997] . The inset at lower left shows a close-up image of the northeast end of the rupture with aftershock locations and the inferred offset in the trace of fracture zone H. The rupture most likely terminated at this offset. The region shown by the inset is indicated on the main map by the white rectangle. nucleation close to the active spreading ridge where the moment release was limited by the high temperature. As the rupture propagated into older lithosphere it became more typical of oceanic strike-slip earthquakes with the high stress drop and energy release that we believe is characteristic of these events.
Aftershock Patterns
[6] One observation that has consistently been made for large earthquakes occurring in oceanic lithosphere is an overall low energy release in the aftershock sequence. This has been observed for both earthquakes on transform faults and fracture zones [Boettcher and Jordan, 2001; Velasco et al., 2000] , as well as in strictly intraplate settings Houston et al., 1993] . A low aftershock-to-main shock energy ratio has been interpreted as indicating an efficient rupture or complete stress drop in the main shock, implying a weak fault [Velasco et al., 2000; Hwang and Kanamori, 1992] . One would expect, however, that the strength of oceanic lithosphere would depend on its age due to variations in heat flow, with the lithosphere along transforms and fracture zones having a lower strength than intraplate regions. The fact that low aftershock energy has been observed in both regions suggests that it is a general property of earthquakes in oceanic lithosphere.
[7] Studies of the two largest most recent strike-slip earthquakes in oceanic lithosphere (the M w 8.1 1998 Antarctic Plate and M w 7.8 Wharton Basin earthquake of June 2000) have reported unusual aftershock patterns. For example, Henry et al. [2000] claimed that the 1998 earthquake jumped an unbroken barrier of at least 70 km in length. An unbroken barrier would normally be expected to be the site of numerous aftershocks because of the stress concentration resulting from the main shock slip, but in this case no aftershocks (at least large enough to be recorded teleseismically) were observed to occur in the region of the barrier. It was later suggested that rupture in the earthquake was continuous through the barrier [Hjö rleifsdó ttir et al., 2003] . For the Wharton Basin earthquake, the study by Robinson et al. [2001] proposed that two conjugate strikeslip faults separated by more than 50 km ruptured simultaneously. The second, conjugate subevent of Robinson et al.'s [2001] model has an M w of 7.4, and although the primary N-S striking plane was illuminated by aftershocks, none at all were observed on the plane of the second subevent. The occurrence of a M w 7.4 event with no teleseismically observed aftershocks would be extremely unusual. showed that the Robinson et al. [2001] model of conjugate slip does not fit the teleseismically recorded P waves, and proposed instead that the second subevent occurred on a thrust fault located near the end of the strike-slip rupture. Thus there does not appear to be compelling evidence for a significant difference in the locations of aftershocks with respect to the main moment release for oceanic earthquakes at this time.
[8] In this study we use broadband seismograms from the Incorporated Research Institutions for Seismology Global Seismographic Network (IRIS GSN) to analyze the rupture process of the 2003 earthquake and also study the aftershock sequence. We invert for the distribution of moment release and compare it to the thermal structure of fracture zone H and the aftershock distribution. Differences in the spatial distribution of aftershocks relative to the main moment release between oceanic and continental earthquakes may provide clues as to how stress is transmitted in the two types of lithosphere. For well-studied earthquakes on land, it is commonly observed that the largest aftershocks tend to cluster outside of the areas of main moment release [e.g., Mendoza and Hartzell, 1988; Wald and Heaton, 1994] , but similar patterns for oceanic earthquakes have been difficult to discern because of the sparsity of high-quality data with good azimuthal coverage.
Aftershock Sequence
[9] We first performed a relocation and moment tensor analysis on the aftershock sequence for comparison with our analysis of the broadband seismograms of the 2003 earthquake. The Advanced National Seismic System (ANSS) catalog contains 40 aftershocks of m b ! 4.2 (the largest with m b = 5.6) occurring within 50 km of the main shock fault trace (and off of the Africa-India plate boundary) and within four months of the main shock Using teleseismic P phases (distance 25 -98°) reported by the National Earthquake Information Center (NEIC), we relocated the main shock and aftershocks using a two-step method, following that of Pan et al. [2002] . We first determined an absolute location for the main shock by using a joint hypocenter determination (JHD) algorithm that makes use of information from the Harvard centroid moment tensor (CMT) catalog [Pan et al., 2002] . In this method, we fixed the locations of all plate boundary events for which a CMT solution exists to the appropriate bathymetric feature (ridge segment or transform fault) based on whether the moment tensor represents normal or strike-slip faulting. Locations for events having a CMT solution, but which could not be reliably associated with a transform fault or ridge segment, were not fixed during this step. We then used the JHD algorithm to locate the main shock together with historic seismicity along the Carlsberg Ridge (Figure 1 ). In the second step, we relocated the 40 aftershocks relative to the main shock, which was held fixed at the location obtained from the first step.
[10] The aftershock distribution spans a length of about 220 km along fracture zone H, and most are consistent with a location along the main shock rupture plane. Because of the difficulties with depth resolution in such a remote region, all events are fixed at a depth of 10 km. Since all of the earthquakes occur in young oceanic lithosphere, it is unlikely that the depths differ markedly from that value. The average shift of the aftershocks from their catalog locations is 14 km and the maximum shift is 25 km. The aftershocks cluster in three large groups, one at each end of the distribution and one near the middle. The locations indicate a unilateral propagation of the rupture to the NE away from the active transform fault, which is confirmed by analysis of the body waves in section 3. The locations are consistent with those published by Bohnenstiehl et al. [2004] , who located a subset of the aftershocks using a group of hydrophones located 500 km southeast of the rupture.
[11] We also used intermediate-period (40 -150 s) surface waves to obtain moment tensor solutions for five of the largest aftershocks [Arvidsson and Ekström, 1998 ] because magnitudes of these events are too small to excite sufficient longer period energy to analyze using the standard CMT method, while the signal-to-noise ratio for body waves at teleseismic distances is poor. We obtained reliable solutions for five events, listed in Table 1 and shown as the numbered focal mechanisms on Figure 1 . Only one, located near the center of the aftershock distribution, has a focal mechanism similar to the main shock. One has a thrust mechanism and occurred close to the main shock hypocenter along a fault trending close to the strike of the spreading centers. It probably represents a normal fault formed close to the ridge axis but reactivated by the static stress perturbation from the main shock. This event is located on the wrong side of the main shock fault plane for failure in thrust to be promoted by the main shock [e.g., Bohnenstiehl et al., 2004] , but the location uncertainties permit its location to lie on the opposite side of the fault plane.
[12] The cluster at the northeast end of the aftershock distribution contains three aftershocks that appear to have resulted from extensional faulting with the T axis nearly parallel to the main shock fracture zone. This cluster is located in a region where the gravity anomaly appears to show an offset (Figure 1 , inset), which we interpret as a right step over or jog in the trace of fracture zone H. Extensional failure on planes perpendicular to the trace of the fracture zone would thus be promoted if the rupture jumped the step over. Even if it did not, the locations of most of these aftershocks still lie to the right of the termination of the main shock rupture, where extension with such an orientation would be promoted by the main shock stress perturbation. This cluster of aftershocks may also have occurred on abyssal hill normal faults reactivated by the main shock.
[13] Although Bohnenstiehl et al. [2004] report that the modified Omori Law decay rate constant for the mid-Indian Ocean aftershocks is close to the median value observed for other sequences in a variety of tectonic settings [e.g., Utsu et al., 1995] , the observation that the total energy release of the aftershock sequence is low is robust. This is most certainly true even if once considers that some aftershocks may be lost within the coda of the main shock, and that we have excluded the July 28 M w 5.8 earthquake that occurred on an active transform of the nearby plate boundary $150 km from the main shock [Bohnenstiehl et al., 2004] . In this respect the 2003 earthquake is similar to other oceanic earthquakes, both intraplate and transform fault events. Continental and subduction zone earthquakes typically follow Bth's Law, and produce one aftershock within one magnitude unit of the main shock and 10 within two magnitude units. The 2003 earthquake had none within one magnitude unit and at most four (including the M w 5.8 transform event) within two magnitude units. Similar observations have been made for other large oceanic earthquakes Velasco et al., 2000; Boettcher and Jordan, 2001] .
Rupture Process and Slip Distribution
[14] We invert all usable teleseismic recordings of P and SH waves with a good signal-to-noise ratio recorded by the GSN (filtered between periods of 1 and 150 s) to study the rupture characteristics of the mid-Indian Ocean earthquake. First we use a method that approximates the moment rate distribution as a propagating line source with arbitrary source time function [Ekström, 1989] and solves for the best fitting moment tensor, depth, and propagation velocity. We use the CRUST5.1 structure [Mooney et al., 1998 ] for the central Indian Ocean overlying a PREM [Dziewonski and Anderson, 1981] mantle. P wave recordings (Figure 2) show that the majority of the moment release in the earthquake occurred during the latter half of the source process. The strong directivity toward the NE is also apparent from the timing of the large pulse at different azimuths. The inversion produces a focal mechanism much like the Harvard CMT solution, mostly right-lateral strike slip but with a small normal-faulting component. The best fitting double-couple solution has a strike of 39°, a rake of À163°and a dip angle significantly different from the vertical (73°). However, a reanalysis of the CMT solution using an oceanic source structure to compute the synthetic seismograms shows that this normal-faulting component is not significant (the observed long-period seismograms can be fit with a variance level of less than 1% greater assuming a pure strike-slip mechanism). We obtain a centroid depth of 13 km (8 km beneath the seafloor). However, the effect of varying the depth in the inversion indicates that the centroid depth is only constrained to lie shallower than about 25 km (or 20 km beneath the seafloor) based on the fit to the data. The CMT analysis using oceanic source structure favors a deeper centroid depth of $20 km.
[15] The rupture velocity is better constrained by the inversion (best value 3.5 km s À1 , Figure 3 ). The direction of the rupture propagation is toward the northeast, as expected from the character of the waveforms. Significant misfits to the P waves occur if the average rupture velocity is smaller than about 3.0 km s À1 . The shape of the source time function is in agreement with the large centroid time shift of the Harvard CMT (47 s). The main moment release occurs in two episodes over the final 30 s of the source duration. These two subevents comprise about 80% of the total moment in the earthquake (2.72 Â 10 20 Nm). The timing of the peak moment release at $45 s, together with an average rupture velocity of 3.5 km s À1 , are consistent with the location of the CMT centroid in the gap between Figure 2 , we can fit the P waves adequately by assuming a single rupture event with directivity, and thus there is no indication that more than one fault was ruptured by the earthquake.
[16] Next we investigate the slip distribution by allowing for slip on a grid of nodes spaced 5 km apart along strike and in depth. We force the rupture to propagate with a constant velocity along the grid and use a damped least squares inversion to solve for slip on each node. An additional constraint on the total moment is used but is given a low weight in the inversion. This constraint favors solutions with a total seismic moment close to the published Harvard CMT, The focal mechanism is fixed to that obtained from the analysis above and the hypocenter at our relocated position.
[17] This analysis produces the pattern of slip shown in Figure 4 , with only minor amounts of slip (<2 m) occurring within 100 km of the hypocenter. The major portion of the moment release occurs in two large asperities located between 100 and 200 km NE of the hypocenter, the first showing maximum slip at very shallow depths while the largest slip in the northeastern asperity occurs between 20 and 30 km depth. The slip distribution shown in Figure 4 was obtained using an average rupture velocity of 3.4 km s
À1
. Values of the rupture velocity between 3.0 results in the smallest variance. The slip falls off very rapidly after reaching its maximum value, and with rupture velocities of 3.5 km s À1 or higher we obtain a total rupture length of $200 km, not considering the small amount of slip to the SW of the hypocenter. Because the earthquake nucleated very close to the active spreading ridge, we would not expect a very long rupture propagation in this direction. A total rupture length of 200 km agrees well with the aftershock distribution as discussed in section 2 and would be consistent with rupture termination by the fracture zone offset suggested by the gravity data in Figure 1 .
[18] The variation of slip with depth shown in Figure 4 is consistent with that expected, given the direction of rupture propagation from younger to older oceanic lithosphere. Most of the slip within 100 km of the hypocenter is concentrated at depths of 10 km or shallower, with the exception of the patch immediately adjacent to the hypocenter. The location of this patch is primarily controlled by the hypocenter depth, which in Figure 4 was fixed to 15 km, and the depth decreases if the rupture is started at a shallower depth. Thus we do not believe there is any constraint on the depth of this slip patch. On the other hand, if we cut off the bottom of the fault at 20 km depth and constrain all slip to occur shallower than this depth, significant degradation occurs to the waveform fits.
[19] Using the spreading rate along the Carlsberg Ridge to convert the location of the largest slip asperity to a lithospheric age (for the younger side of the fracture zone) gives $11 Ma (Figure 4) . A maximum depth of faulting of 20-30 km would correspond to a maximum temperature of 700-950°C using a standard half-space cooling model. Although most recent analysis of oceanic transform fault earthquakes [e.g, Abercrombie and Ekström, 2001 ] using broadband seismic data suggests 600°C as the limiting isotherm for seismic rupture, the brittle-ductile transition can be affected by many factors, including stress regime and strain rate. For example, strength curves for young oceanic lithosphere indicate a maximum strength closer to 800°C for regions under predominantly tensional stress, such as the lithosphere near the 2003 earthquake [Wiens and Stein, 1984] . Wiens and Stein [1984] found a limiting temperature of approximately 800°C for normal faulting events occurring close to mid-ocean ridges, whereas the depths of thrust earthquakes seemed to be limited by the 600°isotherm. This depth for the most energetic asperity in the mid-Indian Ocean earthquake also corresponds well with the inferred depth of maximum lithospheric strength based on laboratory measurements [e.g., Kohlstedt et al., 1995] .
Relation of Aftershocks to Main Shock Slip
[20] The relocated aftershocks are shown projected onto the fault plane in Figure 4 . The three clusters of aftershocks depicted in Figure 1 occur in the region within 50 km of the hypocenter, in the transition to large slip in the middle of the rupture, and about 25 km northeast of the largest asperity. This last cluster contains the three normal-faulting aftershocks that we infer lie in a pull-apart basin structure. The aftershock pattern shown by Bohnenstiehl et al. [2004] , is similar, although they show about twice as many events (presumably smaller magnitude events that do not appear in the ANSS catalog that we used for the relocations, and which probably have larger location uncertainties). The large, southwestern gap in the aftershocks shown in Figure 4 is filled in their study, but the gap between the two large asperities is still present. The cluster to the northeast of the main slip contains many more events in the study of Bohnenstiehl et al. [2004] .
[21] Thus the general pattern shown by this earthquake is that the aftershocks occur either in regions of low slip or around the edges of the large slip region, where large concentrations of stress are expected. The notable exception to this is the low-slip region between the large asperities, which contains few aftershocks. This feature is much like the ''unbroken barrier'' reported by Henry et al. [2000] for the 1998 Antarctic earthquake, which is of similar size and contained no teleseismically recorded aftershocks. The resolution of the slip inversion is not sufficient to show conclusively that this region did not break in the earthquake, and it is likely that some slip occurred on this portion of the fault. The absence of large aftershocks indicates that frictional properties of this segment of the fault most likely differ from the low-slip region near the hypocenter, which contains abundant aftershock activity. Even if the stress here was low because it was relieved in a historical large earthquake, aftershock activity should be promoted due to static stress changes caused by the high-slip areas in the surrounding regions.
[22] The aftershock pattern demonstrates that caution is necessary when interpreting aftershock productivity as an indicator of the strength of a fault [e.g., Velasco et al., 2000] . The low slip near the hypocenter of the mid-Indian Ocean earthquake is consistent with the usual idea that lithospheric strength increases with age due to cooling of the plate. However, aftershock activity is clearly not low in this region, compared with other portions of the main shock fault. One possible explanation is time-dependent variability of the frictional stability caused by a transient increase in the strain rate. The strain rate increase would have been caused by stress transfer from the large slip that occurred along fracture zone H to the northeast. Such a mechanism has been used to explain variations in the maximum depth of seismicity associated with the earthquake cycle along continental strike-slip faults [Rolandone et al., 2003] .
[23] It is instructive to compare the aftershock distribution for this earthquake to recent large strike-slip earthquakes on land for which the detailed pattern of moment release has been determined. For example, the 2001 M w 7.8 Kunlunshan, Tibet earthquake also exhibited an overall lack of aftershock productivity and only small moment release within 100 km of the hypocenter [Antolik et al., 2004] . However, in this case the low-slip region also coincided with a region of few teleseismically recorded aftershocks. Antolik et al. [2004] inferred a low yield stress for this region of the fault based on a high value of the rupture velocity compared with the shear wave velocity. The 1999 Ý zmit, Turkey earthquake [Bouchon et al., 2002; Sekiguchi and Iwata, 2002] and possibly also the 2002 Denali, Alaska, earthquake [Dreger et al., 2004] show a similar correlation between aftershock productivity and rupture velocity. In the Turkey case, the availability of strong motion data close to the fault allowed rupture velocity variability to be determined. Supershear rupture propagation is indicated through the region of low slip and few aftershocks, followed by an apparent decrease in the rupture velocity [Sekiguchi and Iwata, 2002] . The average rupture velocity in the mid-Indian Ocean earthquake is high compared with most continental earthquakes, but the shear wave velocity in oceanic lithosphere is likely to be higher, so supershear rupture probably did not occur. It would be interesting to know if the region of low-slip and few aftershocks between the two large asperities in the mid-Indian Ocean earthquake is also an area of locally high rupture velocity. Unfortunately it is difficult to resolve detailed variations in rupture velocity using teleseismic data [Antolik et al., 2004] .
Long-Period Source Spectrum
[24] Analysis of the long-period source spectrum of earthquakes has been used to search for anomalous longperiod energy indicative of slow rupture. Abercrombie and Ekström [2001, 2003] showed that the calculated long- period source spectrum is very dependent on the assumptions used for the velocity structure as well as the depth and focal mechanism of the earthquake. We follow the analysis developed by to investigate the energy radiated by the mid-Indian Ocean earthquake at long periods. The observed source spectrum is determined at all stations available from the IRIS GSN. At each station we use 6-hour duration or shorter time windows, depending on the noise level. We cosine taper and then Fourier transform the seismograms. We smooth the resulting amplitude spectra with a 1 mHz wide running window, and then select the frequency range in which the signal-to-noise level is greater than 3, compared to noise spectra from the 6 hours before the earthquake.
[25] We calculate synthetic seismograms and spectra for delta function sources (1-s duration) using two different methods. If we assume the PREM structure at source and receivers then we use standard mode summation methods. To enable us to include an oceanic structure [Mooney et al., 1998 ] at the source and PREM at the receivers we use the hybrid method developed by Ekström [2000] . In both methods we correct for lateral heterogeneity following Woodhouse and Dziewonski [1984] and use the attenuation model of Durek and Ekström [1996] . The synthetic source spectra are obtained for two very similar moment tensors: the Harvard catalog CMT and our preferred broadband mechanism. We also consider a range of source depths surrounding the preferred depth from the body wave modeling of 13 km below the sea surface. At each station we divide the observed source spectrum by the synthetic to obtain an estimate of the source spectrum of the earthquake. We then calculate the geometric mean and 95% confidence limits for the vertical (Rayleigh wave) and transverse (Love wave) components over all stations. The results are shown in Figure 5 . Figure 5 also shows the spectrum of the broadband source time function obtained from higher frequency modeling.
[26] The effects of the varying depth and velocity structure are identical to those found by for vertical strike-slip sources. The oceanic structure results in flatter spectra at long periods for both Rayleigh and Love waves, and increasing the depth has a similar effect on the Rayleigh waves. The Rayleigh wave spectra using the PREM velocity model at the source do show some evidence of increasing amplitude below about 6 mHz, but this becomes smaller when the more plausible oceanic source structure is used. More importantly, this feature is not seen in the calculated Love wave source spectra. The seismic moment estimate from the CMT analysis using PREM is smaller than the moment estimate using the oceanic model. The source spectrum from the broadband body wave analysis is similar in shape to the estimated long-period source spectra, although the seismic moment agrees more with the CMT analysis. This is not surprising since the CMT moment was used as a light constraint on the body wave analysis. As shown in Figure 5 (bottom), the long-period spectrum calculated from both Rayleigh and Love waves for a centroid depth of 20 km agrees well with that of a simple boxcar function of 30 s duration. The 30 s boxcar is appropriate because of the concentration of moment release in the last 30 s of rupture. We conclude that there is no evidence of any anomalous excess energy at long periods, and thus the 2003 earthquake most likely did not contain a slow rupture component.
Discussion and Conclusions
[27] The 2003 mid-Indian Ocean earthquake appears to lie within the class of anomalous oceanic earthquakes identified by Pérez-Campos et al. [2003] on the basis of its large duration and centroid time shift with respect to its seismic moment. The total source duration of $70 s is more than twice that expected from global scaling relationships for shallow earthquakes [e.g., Ekström et al., 1992] . Pérez-Campos et al. [2003] also described these earthquakes as being deficient in high-frequency radiation and having anomalously low apparent stresses, apparently due to a slow rupture process. However, we can identify no clear slow rupture component for the mid-Indian Ocean earthquake. The source spectrum shows no appreciable enhancement at periods longer than 100 s that is characteristic of the type of low-frequency precursor suggested for some transform fault earthquakes [McGuire et al., 1996; McGuire and Jordan, 1997] , when calculated using an appropriate source depth and velocity structure. Instead the source spectrum shape is well described by the simple time function derived from the body wave modeling. We can also calculate the apparent stress t a = mE S /M o based on the value for radiated energy (E S ) obtained by the U.S. Geological Survey (USGS) (http://neic.usgs.gov/neis/nrg/index.html) and the seismic moment M o . The E S of 6.1 Â 10 15 J yields t a = 0.7 MPa. When compared with the average value of t a for shallow earthquakes this value is not low [Choy and McGarr, 2002] ; however, it is about an order of magnitude smaller than the average value for oceanic strike-slip earthquakes [Choy and Boatwright, 1995] . The average value of t a for continental strike-slip earthquakes, although higher than that for thrust and normal earthquakes, is significantly smaller than that for oceanic strike-slip earthquakes (1 -2 MPa [Choy and Boatwright, 1995] ). Thus the radiated energy of the midIndian Ocean earthquake appears anomalous only when compared with typical values for oceanic strike-slip earthquakes and not with shallow earthquakes in general.
[28] The rupture velocity of an earthquake can provide an independent constraint on the energy budget (i.e., the relative sizes of the radiated and thermal energy [Kanamori et al., 1998] ). The average rupture velocity for the midIndian Ocean earthquake does not appear to be slow. We obtained an adequate fit to the waveforms for a rupture velocity of 3.0 -4.0 km s À1 which should be a substantial fraction of the shear velocity even though the rupture extends into the oceanic mantle. This suggests a normal slip process for the earthquake (and a typical value for the fracture energy), and that the long duration is due only to the very long rupture length. There is also no evidence of an unusually slow slip velocity in the earthquake, as our rupture model contains a constant risetime of 3 s. A high rupture velocity was also obtained for the 1994 Romanche transform earthquake , which is the only one of the four anomalous earthquakes identified by Pérez-Campos et al. [2003] for which waveform modeling has been carried out.
[29] If the long-duration strike-slip earthquakes in oceanic lithosphere are not caused by a slow, dissipative rupture process, then there is no paradox of both low and high apparent stresses as was suggested by Pérez-Campos et al. [2003] . On the other hand, it appears that oceanic strike-slip earthquakes indeed have anomalously high apparent stresses. Of the database of 942 earthquakes examined by Choy and McGarr [2002] , the $50 events with the highest t a consist almost entirely of strike-slip events occurring in oceanic lithosphere. The majority of these events occurred close to subduction zones or well within the interiors of oceanic plates. By contrast, Pérez-Campos et al. [2003] could only identify four anomalous oceanic earthquakes (all on transforms) in their data set of 70 strike-slip events occurring from 1992 to 2002. In addition, measuring radiated energy of any earthquake is subject to considerable uncertainties [e.g., Pérez-Campos and Beroza, 2001; Boatwright et al., 2002] but is particularly so for strike-slip earthquakes because body waves recorded at teleseismic distances typically lie near a node of the focal mechanism. We note that the apparent stress obtained by Pérez-Campos et al. [2003] for the 1994 Romanche earthquake is about an order of magnitude smaller than is obtained using the USGS estimate of E S and the Harvard CMT value of M o ($0.2 MPa versus 1.2 MPa). The reason for this large discrepancy is not clear.
[30] We suggest that the anomalously long source duration for the mid-Indian Ocean earthquake is simply the result of its location close to the active Carlsberg Ridge (in oceanic lithosphere younger than 7 Ma). Here the seismogenic zone should be restricted to the top 10 km or so based on the high temperature of young oceanic lithosphere. Recent results suggest that as much as 75% of the seismic moment along oceanic transform faults may be released aseismically Boettcher and Jordan, 2004] , and that much of this aseismic slip may be occurring at very shallow depths where oceanic crust typically is serpentinized [Detrick et al., 1993] . The slip distribution for the mid-Indian Ocean earthquake shows very little moment release close to the active spreading center; this may be due to release of stress during prior aseismic slip. If a shallow, stably creeping layer overlaps a deeper transition to a ductile failure regime then lithosphere younger than about 7 Ma might normally fail by aseismic creep, and generate a moderate or large seismic rupture only in rare circumstances. One of these circumstances could be a temporary high strain rate caused by slip in a nearby large earthquake. Such a mechanism could explain the occurrence of aftershocks within the portion of the mid-Indian Ocean rupture near the hypocenter that slipped little during the main shock. In this case the temporary high strain rate would have been caused by the large slip regions of the main shock.
[31] An alternate explanation for aftershock occurrence near the hypocenter could be the reverse (i.e., triggering of the main shock by a slip transient), as recently hypothesized by McGuire et al. [2005] . McGuire et al. found that large earthquakes along the East Pacific Rise are often preceded by intense foreshock activity and attributed this phenomenon to aseismic slip prior to the main shock. However, no definitive evidence for foreshock activity preceding the 2003 earthquake can be found in hydroacoustic data recorded at Diego Garcia (D. R. Bohnenstiehl, personal communication, 2005) . The two large asperities of the midIndian Ocean earthquake, concentrated near the end (and therefore in the oldest lithosphere) of the rupture, comprise $80% of the total moment released but only about 25% of the total fault area (assuming a constant fault width). If one considers only this part of the rupture, then the stress drop (and also presumably t a ) is very high (17 MPa). The ''normal'' large strike-slip earthquake occurring within oceanic lithosphere may therefore be one which involves rupture of only one or two large, energetic asperities such as occurred during the latter portion of the mid-Indian Ocean rupture. If this is the case, then they should occur only in the central portion of long ridge-ridge transforms or in the interior of an oceanic plate. However, if one simply looks at the distribution of epicenters on a map, then a high apparent stress earthquake might appear to have occurred adjacent to a spreading ridge if its pattern of moment release is similar to the mid-Indian Ocean event. The occurrence of slow, aseismic creep events adjacent to active spreading ridges may account for the observation of abundant slow or ''silent'' earthquakes along transform faults detectable using only free oscillations [Beroza and Jordan, 1990] . Although global earthquake catalogs contain numerous examples of hypocenters located along transform faults close to active spreading segments, the accuracy of earthquake locations in the interiors of oceans is typically less than in other regions [Pan et al., 2002; Fox et al., 2001] . The resolution of this issue will likely await more detailed investigations of transform fault seismicity using ocean bottom seismometers.
